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Previous work identi®ed a g-tubulin gene, gTub23C, in Drosophila (Zheng et al., 1991). We now report identi®cation of
a second g-tubulin gene, gTub37CD. Immunoblot analysis and immunolocalization show that gTub37CD and gTub23C
are differentially expressed during gametogenesis and development. During oogenesis, gTub23C was detected at
centrosomes and in the cytoplasm of mitotic germ cells, but was not detected in germ cells following completion of
mitosis. Conversely, gTub37CD was not detected in proliferating germ cells, but appeared to accumulate in germ cells
during egg chamber development. Neither g-tubulin isoform was detected at the anterior or posterior poles of developing
oocytes. During spermatogenesis, only gTub23C was detected at centrosomes, where it showed cell cycle- and differentia-
tion-dependent organization. During the transition into the ®rst meiotic division,gTub23C became organized as a corpuscu-
lar focus at centrioles until completion of meiosis II. During postmeiotic spermatid differentiation, gTub23C was detected
®rst as a rod and then as a collar-like structure near the juncture of the nucleus and the elongating ¯agellum, but was not
detected in bundles of mature sperm. The germline-speci®c CDC25 encoded by twine is required for organization of
gTub23C into corpuscular focus in spermatocytes, but not for separation of centriole pairs in M-phase or postmeiotic
organization of gTub23C at centrioles. Following reconstitution of a canonical centrosome at fertilization, only gTub37CD
was detected at centrosomes in syncytial embryos, but both gTub37CD and gTub23C were detected at centrosomes in
cellularized embryos. Colocalization of these two isoforms suggests that gTub23C and gTub37CD both contain structural
features of g-tubulins essential for localization to centrosomes. q 1997 Academic Press
INTRODUCTION within the pericentriolar cloud (Robbins et al., 1968; Gould
and Borisy, 1977). While the cylindrical centrioles are the
most physically discrete components of the centrosomes,Uncoupling of centrosomal components during formation
they are not essential for microtubule nucleation (Szollosiof germ cells in most species ensures syngamy at fertiliza-
et al., 1972). Rather, centrioles appear to organize pericentri-tion (reviewed in Schatten, 1994). Centrosomes in animal
olar components into a cohesive focus at spindle poles (Ca-cells consist of two functionally distinct compartments, a
larco-Gillam et al., 1983). In the general case, oogenesispair of centrioles and a surrounding cloud of pericentriolar
produces a germ cell lacking centrioles, but containing peri-material. Microtubules are nucleated (Mitchison, 1984)
centriolar components, while spermatogenesis generates a
centriole in the form of a basal body. A canonical
centrosome is reconstituted at fertilization when pericentri-1 To whom correspondence should be addressed at 535 Molecular
olar components in the oocyte cytoplasm unite with theBiology, 1525 Linden Drive, Madison WI 53706. Fax: 608-262-4570.
centriole provided by the sperm.E-mail: pgwilson@facstaff.wisc.edu.
Proliferation of germ cells in males and females is similar.2 Current address: Department of Embryology, Carnegie Institu-
tion of Washington, Baltimore MD 21210 Four rounds of mitosis and incomplete cytokinesis produce
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a cyst of 16 cells that progress through gametogenesis as a cells (Julian et al., 1993; Shu et al., 1995). Loss of g-tubulin
function generates defects in microtubule organizationgroup. Germ cells in females are not equivalent; 1 of the 16
becomes the oocyte and remains diploid, while the re- (Oakley et al., 1990; Horio et al., 1991; Joshi et al., 1992;
Sobel and Snyder, 1995; Sunkel et al., 1995; Marshall et al.,maining differentiate into nurse cells and become highly
polyploid (reviewed in Spradling, 1993). Following comple- 1996; Spang et al., 1996). Consistent with an important role
in microtubule organization, loss of g-tubulin function istion of the fourth and ®nal mitosis, centrioles detach from
the nuclear envelope and move into the oocyte, where they lethal in Aspergillus (Oakley et al., 1990), S. cerevisiae (So-
bel and Snyder, 1995), S. pombe (Horio et al., 1991), andare dismantled or degraded. Several studies have suggested
that acentriolar microtubule organizing centers in the oo- Drosophila (Sunkel et al., 1995). While g-tubulin has been
found in differentiated cells (Muresan et al., 1993; Rizzolocyte play roles in determination of the oocyte (Theurkauf
et al., 1993) and localization of axis-specifying determinants and Joshi, 1993; Wolf and Joshi, 1995; Matthies et al., 1996),
it is not clear whether g-tubulin function is required forat its anterior and posterior poles (Theurkauf et al., 1992,
1993; Clark et al., 1994; Li et al., 1994). However, both the microtubule organization independent of spindle assembly.
g-Tubulin in Xenopus eggs is cytoplasmic (Stearns etmicrotubule (reviewed in Theurkauf, 1994) and the actin
(reviewed in Mahajan-Miklos and Cooley, 1994) cytoskele- al., 1994), apparently stockpiled during oogenesis for use
during the early stages of embryogenesis that precede tran-tons play crucial roles in oocyte development and recent
work indicates that these two systems are functionally con- scription of the zygotic genome. In mitotic Xenopus egg
extracts, g-tubulin is part of a soluble 20 S particle (Stearnsnected (Manseau et al., 1996).
Germ cells in Drosophila males are developmentally et al., 1994) that by ultrastructural analysis is an open
ring containing g-tubulin as well as several other proteinsequivalent and each fully differentiated cell retains a centri-
ole. At the completion of the fourth mitotic division, centri- (Zheng et al., 1995). Centrosomes isolated from Drosoph-
ila embryos contain g-tubulin-containing rings at the mi-oles duplicate a ®nal time during the premeiotic S-phase
such that each germ cell contains two centriole pairs (re- nus ends of microtubules (Moritz et al., 1995a,b), sug-
gesting that assembly of a functional centrosome at fertil-viewed in Fuller, 1993). Centriole pairs detach from the
nuclear envelope and move to the cell surface, where they ization may involve recruitment of g-tubulin-containing
rings to the sperm centriole. The molecular mechanismremain throughout the prolonged growth period of the pri-
mary spermatocyte. During this period, centrioles retain utilized to recruit g-tubulin complexes and other pericen-
triolar components to centrioles is not known, but thistheir classic orthogonal orientation and elongate to approxi-
mately 2 mm in length. At the G2/M transition into meiosis process appears to require ATP, but not microtubules
(Stearns and Kirschner, 1994; Felix et al., 1994). As in vitroI, centriole pairs return to the nuclear envelope and subse-
quently organize a spindle. Centrioles do not duplicate dur- studies of g-tubulin recruitment to centrioles in Xenopus
utilize egg extracts that have been driven into a mitoticing the interphase between meiosis I and meiosis II. As a
result, a centrosome containing a single centriole organizes state, the cell cycle regulation of g-tubulin association
with centrioles has not been examined.each pole of the meiosis II spindle. At the completion of
meiosis, most of the nuclear and cytoplasmic material is Meiosis in Drosophila shows differential requirements
for the germline-speci®c CDC25 phosphatase encoded bydiscarded and the nucleus is transformed into the classic
needle-shaped sperm head via a microtubule-dependent twine (Alphey et al., 1992; Courtot et al., 1992). In somatic
cells, the phosphatase activity of CDC25 activates the cdc2/mechanism. Concomitantly, the centriole differentiates
into a basal body and organizes the ¯agellar axoneme. cyclin complex, initiating a phosphorylation/dephosphory-
lation cascade that allows cells to pass the G2/M transitionAs the pericentriolar component g-tubulin plays a key
role in centrosome function, analysis of its expression and and assemble a spindle (reviewed in Reed, 1995; Coleman
and Dunphy, 1994). The CDC25 phosphatase activity en-utilization during gametogenesis should provide insight
into developmental control of centrosome organization. g- coded by twine is required for some, but not all, aspects of
meiosis in males (White-Cooper et al., 1995). SpermatocytesTubulin is a member of the tubulin superfamily that was
®rst identi®ed through genetic interactions with b-tubulin in twine mutants show nuclear entry of cyclin A (Lin et
al., 1996), but fail to assemble a spindle and segregate chro-in Aspergillus nidulans (Weil et al., 1986; Oakley and
Oakley, 1989) and subsequently found in virtually all spe- mosomes (Alphey et al., 1992; Courtot et al., 1992; White-
Cooper et al., 1993). Nonetheless, male germ cells undergocies (reviewed in Burns, 1995; see also Sobel and Snyder,
1995; Marshall et al., 1996; Spang et al., 1996). On the basis extensive spermatid differentiation. In contrast to males,
meiotic spindles are assembled in twine mutant females.of amino acid sequence, g-tubulins show structural features
of tubulins as well as conserved amino acid motifs not found The molecular basis for the apparently differential require-
ments for twine function in male and female meiosis is notina- orb-tubulins (Burns, 1991, 1995).g-Tubulin is found at
microtubule organizing centers (reviewed in Oakley, 1992; known.
Here we show that in addition to the essential g-tubulinJoshi, 1994), as well as throughout the spindle in plants
(Liu et al., 1993, 1994) and some mammalian cells (Lajoie- gene located in salivary polytene interval 23C (Zheng, 1991;
Sunkel et al., 1995), Drosophila encodes a second g-tubulinMazenc et al., 1995) and at the midbody in mammalian
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gen were pooled. In some cases, antibodies were concentrated bygene in salivary polytene region 37CD. We have generated
precipitation from a 55% NH4SO4 (v/v) solution and subsequentpeptide antibodies and examined expression of these two
dialysis against PBS (130 mM NaCl, 7 mM Na2HPO4, 3 mMg-tubulins during gametogenesis and the role of CDC25 in
NaH2PO4, pH 7.1). Af®nity-puri®ed antibodies were obtained byorganization of g-tubulin at centrioles in spermatogenesis.
passing antisera or partially puri®ed antibodies over a column of
thio-activated Sepharose (Sigma) coupled to the immunogenic pep-
tides according to manufacturer's recommendations. Following ex-
tensive washes of the peptide±Sepharose columns with PBST (PBSMETHODS
v/v 0.1% Triton X-100), antibodies were eluted with 1% acetic
acid, collected in 21 vol of 1 M Tris±HCl (pH 7.5), dialyzed against
Fly stocks and husbandry. Fly stocks were maintained in hu- PBS, and concentrated by centrifugation (Amicon, Beverly MA).
midi®ed incubators at 257C or at ambient temperatures on corn-
Immunoblot analysis. To perform immunoblot analysis of syn-
meal and molasses food supplemented with dry yeast. Our wild-
thetic peptides, immunogenic peptides were conjugated to bovine
type stocks were either Ore R, Canton S or isoII isoIII Canton
serum albumin with the bifunctional cross-linking agent MBS, as
S, a stock derived from Canton S in which the second and third
recommended by the manufacturer (Pierce). Using a manifold de-
chromosomes are isogenic (R. Kreber and B. Ganetsky, University
signed for slot blot analysis of DNA, equal quantities of peptide±
of Wisconsin-Madison). Stocks bearing twine or Df(2R) R10 were
BSA were loaded onto a nitrocellulose membrane, air dried, and
provided by T. Schupbach, Princeton University.
blocked with 5% milk (w/v) in PBST. To examine g-tubulin expres-
Isolation and sequence analysis of gTub37CD cDNA. Fully
sion in adult males and females, crude ¯y extracts were prepared
degenerate oligonucleotides 5* GCGGATCCAA(A/G)GA(C/T)
by maceration of ¯ies in boiling Laemmli sample buffer. ProteinGT(A/C/G/T)TT(CT)TT(CT)TA 3* and 5* GGAATTC(C/T)TC
concentrations of these extracts were estimated empirically by vi-(A/C/G/T)CC(C/T)TG(A/G/T)AT(A/G/T)AT(A/G)TT 3* correspond-
sual comparison of PAGE±SDS fractionated samples stained withing to the conserved g-tubulin peptides KDVFFY and NIIQGE, re-
Coomassie blue with a fractionated samples of dissected tissues ofspectively, were used as primers for polymerase chain reaction am-
known protein concentration.pli®cation of homologous sequences in Canton S DNA. BamHI
To prepare crude extracts for gel fractionation, proteins wereand EcoRI restriction sites were included to facilitate cloning. Am-
precipitated from tissues, whole larvae, and dechorionated embryospli®cation was carried out for 30 cycles of 947C for 1 min, 507C for
in methanol cooled to 0207C for at least 6 hr. Ovaries and testis2 min, and 727C for 2.5 min. Ten percent of the reaction product
from adult animals were dissected in 0.7% NaCl or hemolymphwas reampli®ed for 25 additional cycles. Ampli®cation products
saline (Tilney et al., 1996). Methanol was removed and tissues were(1.1 and 1.2 kb) were digested with BamHI and EcoRI and subcloned
macerated in boiling 1% SDS (w/v) water. Protein concentrationsinto M13mp18 and M13mp19. The DNA sequence of 14 of 39
were determined with the Pierce BCA protein assay reagents, asindependent isolates revealed a newly identi®ed g-tubulin gene,
recommended by the manufacturer. Depending on the experiment,while 25 contained sequence from the g-tubulin-encoded in region
20±50 mg of crude extracts per 3 mM lane width were fractionated23C of salivary polytene chromosomes (Zheng et al., 1991). The
on 10 or 12% SDS±PAGE gels of 0.75 mM thickness, transferredEcoRI±BamHI fragment containing a portion of the new g-tubulin
to nitrocellulose (Schleicher & Schuell, Keene NH), and blockedwas subcloned into pUC18. A D. melanogaster ovary cDNA library
with 5% (w/v) nonfat milk in PBST by standard methods. Fraction-in lgT11 constructed by Drs. P. Sullivan, D. Joseph, and L. Kalfayan
ated samples were probed with af®nity-puri®ed primary antibodiesat the University of North Carolina was probed as previously de-
at 0.5±10 mg/ml, dilutions determined empirically to be withinscribed (Oakley, 1987) with a radiolabeled EcoRI±BamHI fragment.
the dynamic range of antibody activity. Primary antibodies wereEleven positives were identi®ed in 1.2 1 106 plaque-forming units.
detected with secondary goat anti-rabbit IgG antibodies conjugatedFollowing veri®cation of the insert, the longest cDNA was sub-
to peroxidase (Vector, Burlingame CA and Kirkegaard & Perry,cloned into M13mp18 and M13mp19 and sequenced by primer
Gaithesburg MD). Peroxidase activity was detected with the ECLwalking on both strands by the dideoxy nucleotide chain termina-
chemiluminescence system (Amersham, Buckinghamshire, UK), astion method using [32P]deoxyadenosine nucleotides. A single base
recommended by the manufacturer.omission in the sequence originally deposited in GenBank
Immuno¯uorescence methods. Testis and ovaries were pre-(M76765) has been corrected.
pared and examined by epi¯uorescence as previously describedIn situ hybridization. An EcoRI restriction fragment con-
(Wilson et al., 1997) except that ToTo-3 (Molecular Probes, Eugenetaining a cDNA of gTub37CD was labeled with biotinylated
OR) was also used as recommended by the manufacturer to obtaindUTP and hybridized to salivary polytene chromosomes as de-
confocal images of chromatin. Ovaries were also ®xed in a solutionscribed in Protocol 27 (Ashburner, 1989), except that hybridiza-
of PEM containing 4% freshly prepared paraformaldehyde for 20tion was at 377C.
min. Immunolocalization of either gTub23C or gTub37C in ova-Peptide antibodies. Synthetic peptides (Protein and Nucleic
ries ®xed in cooled methanol or in paraformaldehyde were virtuallyAcid Facility, Stanford University) corresponding to the C-terminal
identical. Experiments to determine immunolocalization of the19 amino acids of gTub23C (NGPVDSKSEDSRSVTSAGS) and the
gTub37CD and gTub23C isoforms of g-tubulin in ovaries and tes-C-terminal 18 amino acids of gTub37CD (TQIDYPQWSPAVEAS-
tis were performed with tissues dissected from at least three ani-KAG) (2 mg) were conjugated to 1 mg keyhole limpet hemocyanin
mals and repeated at least three times. In all experiments, antibod-(Sigma, St. Louis MO) through a nonencoded N-terminal cysteine
ies against gTub23C always detected centrosomes, centriole pairs,with Sulfo-MBS (Pierce, Rockford, IL), as recommended by the man-
and centriolar adjuncts in testis. However, high concentrations ofufacturer. New Zealand white rabbits were immunized and boosted
antibody or prolonged incubations sometimes resulted in stainingat 1-month intervals with immunogen mixed with Ribi adjuvant
of mitochondrial derivative or associated material in postmeiotic(Ribi ImmunoChem Research, Inc.). Unless speci®ed otherwise in
the text, antisera from two rabbits immunized with the same anti- spermatids. Such staining varied among different lots of af®nity-
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puri®ed antibodies and could be diminished by brief incubations
and high dilutions of the primary antibody. Af®nity-puri®ed anti-
bodies against gTub37CD did not recognize centrosomes, centriole
pairs, or centriole adjuncts in testis, but did stain mitochondrial
derivatives or associated material. To examine testis de®cient for
twine activity, we examined testis of males homozygous for the
twine mutation as well as twine/Df(2R) R10 males that were hemi-
zygous for twine. The phenotypes of hemizygous and homozygous
twine mutants were indistinguishable.
Embryos were ®xed in two ways. To examine precellular stages
of development, embryos were collected 0±2 hr after oviposition
and ®xed as described by Kellogg et al. (1989), except that 100%
methanol without EGTA was used as ®xative. To examine postcel-
lularized stages of development, embryos were collected for 0±3
hr and held for 3±4 hr prior to ®xation. These embryos were well
separated on an untreated glass slide and covered with PEMG (Wil-
son et al., 1997). After they were punctured with a pulled glass
capillary pipette, a coverslip was placed over the embryos and they
were ®xed and stained as described in Wilson et al. (1997). Cellu-
larized embryos were readily distinguished from precellularized
embryos by the presence of a cell boundary.
Imaging. Tissues were examined with a Zeiss Universal micro-
scope and with a Zeiss Axiovert 135 microscope ®tted with Bio-
Rad MRC 1000 scanning confocal head. Some of these images were
recorded in digital form with a Photometrics CCD camera (Photo-
metrics, Tuscon AZ) or photographed with either Techpan hyper-
sensitized in N2 or Kodak ®lm and subsequently digitized with a
Polaroid Quickscan35 (Polaroid Corp., Cambridge MA) slide scan-
ner. In all cases, digitized ®les were imported into Photoshop
(Adobe Sys. Inc., Mountain View CA) for ®nal image enhancement
and presentation.
RESULTS
FIG. 1. Amino acid sequence comparison of two Drosophila g-
Two Genes Encode Different g-Tubulin Isoforms tubulin isoforms. Amino acid sequence comparison between the
gTub37CD and gTub23C derived by the Pileup program (GeneticsA second gene encoding g-tubulin in Drosophila was
Computer Group, Madison WI) shows a solid vertical bar betweenidenti®ed by polymerase chain reaction using degenerate
identical amino acids, two dots between conservative or similaroligonucleotide primers that were derived from conserved
substitutions, and a single dot between amino acids with weakregions of g-tubulin (Methods). In situ hybridization of a
similarity.cDNA to salivary polytene chromosomes (Methods) indi-
cated that the newly identi®ed gene lies in region 37CD.
On the basis of the nomenclature applied to other members
of tubulin superfamily in Drosophila and the guidelines acids of gTub37CD (TQIDYPQWSPAVEASKAG) and the
described in Linsley and Grell (1992), we designate this gene C-terminal 19 amino acids of gTub23C (NGPVDSKSEDSR-
gTub37CD and its protein product as gTub37CD. Concep- SVTSAGS). To determine whether antibodies were speci®c
tual translation of gTub37CD revealed an open reading for the immunogenic species, peptides were conjugated to
frame which encodes a 457-amino-acid (50.7 kDa) polypep- bovine serum albumin and examined by immunoblot analy-
tide. gTub37CD shares 83% amino acid identity and 90% sis (Fig. 2A). Af®nity-puri®ed antibodies directed against
similarity with gTub23C. As with all known members of gTub37CD and gTub23C (Methods) showed a strong reac-
the tubulin superfamily, the two Drosophila g-tubulins tion with the immunogenic peptides, but only very weak
show more divergence from each other and from other recognition of the non-immunogenic peptide, suggesting
members of the tubulin superfamily at their C-terminal that antibody recognition of the non-immunogenic species
ends (Fig. 1). did not occur at a signi®cant level.
To examine expression of the two g-tubulin isoforms,
gTub37CD and gTub23C Are Differentially crude extracts of male and female adults were probed by
Expressed in Males and Females immunoblot analysis with peptide-directed antibodies (Fig.
2B). Antibodies against gTub37CD detected a50-kDa pro-To examine expression of gTub37CD and gTub23C, anti-
bodies were generated against the C-terminal 18 amino tein in females, but not in males. In contrast, antibodies
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tides was due togTub23C. Given that preabsorption of anti-
bodies against gTub23C with peptide apparently fully com-
peted signal in extracts of males, the residual signal may
be due to a cross-reactive protein expressed in ovaries. Thus,
our data indicate that both gTub37CD and gTub23C are
expressed in ovaries.
Consistent with the absence of detectable signal in ex-
tracts of males, antibodies against gTub37CD failed to rec-
ognize a major 50-kDa protein in extracts of testis byFIG. 2. Differential expression of gTub37CD and gTub23C in
immunoblot analysis. Rather, these antibodies reacted withmales and females. (A) Immunogenic peptides corresponding to (top
a number of testis proteins that varied in intensity and iden-panel) gTub23C or (bottom panel) gTub37CD were conjugated to
tity among independently prepared extracts (Fig. 2C). Inbovine serum albumin and probed with af®nity-puri®ed antibodies
against (a,b) gTub37CD and (c,d) gTub23C that were generated in contrast, antibodies against gTub23C consistently recog-
four different rabbits (a,b,c,d). (B) Crude extracts of female and male nized a 50-kDa protein in extracts of testis. Taken to-
adults were fractionated in two wide lanes of a 12% PAGE±SDS gel. gether, immunoblot analysis showed that the two g-tubulin
Each lane was probed in three parallel channels of an Immunetics isoforms are differentially expressed in ovaries and testis.
manifold (Immunetics, Eugene OR) with antibodies directed However, since ovaries and testis are composed of both
against (a,d) gTub37CD and (b,e) gTub23C peptides or with anti-
germline and somatic cells, these experiments alone do notbodies preincubated with the immunogenic peptide corresponding
distinguish between germline and somatic cell expression.to (c) gTub37CD or (f) gTub23C. (C) Crude extracts of (a±d) ovaries
and (e,f) testis were fractionated in two wide lanes of a 10% PAGE±
SDS gel. Each extract was probed in parallel channels in a manifold Both gTub37CD and gTub23C Are Present
with antibodies against (a,e) gTub37CD and (c,f) gTub23C pep- throughout Embryogenesis and Larvaltides. (b,d) Ovary extracts probed with peptide-directed antibodies
Developmentagainst (b) gTub37CD and (d) gTub23C that had been preincubated
with the corresponding immunogenic peptide. (b) The immunore- To determine whether both gTub37CD and gTub23C are
active bands 50 kDa may be degradation products of gTub37CD. present during embryogenesis and larval development in
wild-type animals, crude extracts were prepared from em-
bryos collected at intervals during the ®rst 18 hr of develop-
ment and from ®rst, second, and third instar larvae whichagainstgTub23C detected a50-kDa protein in both males
and females. The molecular weight of the major cross-reac- span approximately 18±48, 48±72, and 72±120 hr of devel-
opment, respectively (Fig. 3). Immunoblot analysis of em-tive species in extracts of males and females corresponds
closely to the predicted molecular weights of gTub37CD bryo extracts with antibodies against gTub37CD and
gTub23C peptides revealed comigrating 50-kDa proteinsand gTub23C, 50.7 and 52.2 kDa, respectively. To verify
speci®city, extracts of males and females were probed with throughout the ®rst 18 hr of development (Fig. 3A and data
not shown).gTub37CD appeared more abundant in extractsantibodies preabsorbed with the corresponding immuno-
genic peptide. The resulting loss of immunoreactivity indi- of very young embryos (0±1 hr) than in extracts of older
embryos and, conversely, gTub23C appeared more abun-cated that the signal observed in females and males was due
to the presence of gTub37CD and gTub23C, respectively. dant in extracts of older embryos than in extracts of younger
embryos. Antibodies against gTub37CD and gTub23C alsoThese results indicated that the two Drosophila isoforms of
g-tubulin are differentially expressed in males and females. recognized comigrating 50-kDa proteins throughout lar-
val development (Fig. 3B). gTub37CD appeared less abun-Since differential expression in females and males could
re¯ect differential expression in their germlines, we next dant in extracts of third instar animals than in ®rst instar
animals. Additional protein bands in extracts of larvaeexamined crude extracts of ovaries derived from wild-type
adults by immunoblot analysis (Fig. 2C). Antibodies di- were detected with peptide-directed antibodies against
gTub37CD and, to a lesser extent, gTub23C. These proteinrected against gTub37CD and gTub23C peptides detected
comigrating 50-kDa proteins in ovaries. To verify speci- bands were not detected with pan-gTub antibodies (Fig. 3B)
directed against bacterially expressed gTub23C (Wilson et®city of the immunoreactivity, ovary extracts were also
probed with antibodies that had been preabsorbed with the al., 1997). Since pan-gTub antibodies recognize both
gTub23C and gTub37CD by immuno¯uorescence and im-corresponding immunogenic peptide. Similar to extracts of
females, preabsorption of gTub37CD antibodies with pep- munoblot analysis (data not shown), the additional bands
were judged to be cross-reactive proteins. Similar experi-tide resulted in loss of signal. Unlike extracts of males,
preabsorption of gTub23C antibodies with peptide removed ments indicated that the additional bands in ovaries, testis,
and embryos were probably cross-reactive proteins (data notmost, but not all, of the signal generated in extracts of ova-
ries (Fig. 2C) as well as 0- to 2-hr embryos (data not shown). shown). Taken together, gTub37CD and gTub23C were de-
tected throughout embryogenesis and larval development;These results indicate that the bulk of immunoreactivity
in ovaries with antibodies directed against gTub23C pep- however, gTub37CD became less abundant as develop-
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ciation with microtubule asters and/or presence at spindle
poles (data not shown). In addition, bright foci of gTub23C
were often found in numbers that could be explained by
synchronous mitoses within a cyst in female germ cells.
For example, optical sectioning through the germarium pre-
sented in Fig. 4A revealed two foci associated with each of
eight prophase nuclei, identi®ed on the basis of partially
condensed chromatin (data not shown). Subsequent to com-
pletion of the four mitotic divisions, neither foci nor bright
cytoplasmic staining of gTub23C was detected in postmi-
totic germ cells in region 2 of the germarium. However,FIG. 3. Immunoblot analysis of gTub23C and gTub37CD expres-
gTub23C was detected in somatically derived follicle cellssion during embryonic and larval development. (A) Crude extracts
of embryos were collected at 1- and 2-hr intervals during the ®rst that intercalated between 16-cell clusters in region 2b (Fig.
8 hr of development and 20 mg of each extract was fractionated in 4B). Throughout the rest of oogenesis, gTub23C staining in
individual lanes in two duplicate 10% PAGE±SDS gels. Following germ cells remained below the level of staining observed
electrophoretic transfer, each membrane was probed with peptide in follicle cells (Fig. 4C). These observations indicate that
antibodies against either (top panel) gTub37CD or (bottom panel)
gTub23C is utilized during proliferation of female germ
gTub23C. The projected age of the embryos in each collection is
cells.indicated above each lane. (B) Approximately 50mg of crude extracts
In contrast to gTub23C, gTub37CD was not detected inof (L1) ®rst, (L2) second, and (L3) third instar larvae were fraction-
either proliferating germ cells or in follicle cells (Fig. 5).ated in three wide lanes of an 10% PAGE±SDS gel and each lane
Rather, gTub37CD appeared to accumulate in germ cellswas probed in three separate channels of a manifold with peptide
as egg chambers developed. Although gTub37CD was typi-antibodies against (a,d,g) gTub37CD, (b,e,h) pan-gTub antibodies,
or (c,f,i) peptide antibodies against gTub23C. cally below the level of detection in the youngest egg cham-
ber just distal to the germarium, gTub37CD was usually
detected in the germ cell cytoplasm in of stage 4±5 and older
egg chambers (Figs. 5A±5D). Wide-®eld images obtained by
ment progressed. In addition to degradation, attrition of conventional epi¯uorescence microscopy showed staining
gTub37CD during larval development may re¯ect dilution of gTub37CD in nurse cells in stage 6 and older egg cham-
of maternal stores of gTub37CD in whole animal extracts bers, and confocal optical sections of such egg chambers
by expression of other proteins during growth of the animal. showed that gTub37CD was present in both nurse cells and
The apparent increase of gTub23C during embryonic and oocytes. While epi¯uorescence consistently showed en-
larval development most likely re¯ects zygotic expression riched stores of gTub37C in nurse cells in comparison with
as previously described (Sunkel et al., 1995). the level detected in the oocyte, enrichment of gTub37C
in nurse cells was less apparent in confocal sections. The
reason for this difference is not clear, but may be due to the
gTub37CD and gTub23C Are Differentially thickness of the focal plane in wide-®eld images. Neverthe-
Localized in the Female Germline less, enriched accumulation of gTub37C was never detected
at the anterior or posterior poles of the oocyte (Figs. 5C andImmunoblot analysis indicated that both g-tubulin iso-
forms are expressed in ovaries and testis. To evaluate utili- 5D) at any stage of development.
zation of gTub37CD and gTub23C in the female germline,
ovaries of wild-type females were examined by immuno-
gTub23C Is Reorganized at Centrioles¯uorescence. Ovaries consist of several tube-like ovarioles
during Spermatogenesisbundled together within a muscular sheath. Proliferation of
germ cells occurs in the germarium at the anterior tip of To evaluate the possible utilization of the two g-tubulin
isoforms in testis, we examined their localization duringthe ovariole. After completion of the mitotic divisions of
germ cells, somatically derived follicle cells invaginate and spermatogenesis in wild-type animals. Consistent with im-
munoblot analysis, gTub23C (Fig. 6), but not gTub37CDsurround each 16-germ-cell cluster to form an egg chamber
which subsequently buds off the germarium. As a result, (data not shown), was detected at centrosomes in germ cells.
Similar to the mitotic divisions in the female germline,egg chambers within an ovariole form a gradient of develop-
mental stages, with the most immature egg chambers to- gTub23C was detected as corpuscular foci at centrosomes
in gonial cells located at the proliferative center of the maleward the anterior and the more developmentally advanced
egg chambers toward the posterior. germline at the testis tip. In mature primary spermatocytes,
antibodies againstgTub23C detect centrioles as two orthog-Proliferating germ cells in region 1 of the germarium
showed bright foci of gTub23C and bright diffuse stain- onal rods lying close to each other (Wilson et al., 1997),
associated with sparse foci of microtubules, and locateding in the cytoplasm (Fig. 4). Foci were identi®ed as
centrosomes in these and the following ®gures by their asso- near the cell surface. Spermatocytes that have passaged
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FIG. 4. Immunolocalization of gTub23C in ovaries. Ovaries of wild-type females showing staining of (A,B,C) gTub23C (red), (A) a-
tubulin (green), and (B,C) chromatin (blue). (A) Projection of 32 confocal sections (0.5 mm) through a germarium showing (arrow) foci of
gTub23C associated with germ cells in the ®nal round of mitosis. Large (s) stem cell just posterior to terminal ®lament cells and cluster
of eight (c) cystocytes in prophase of mitosis, detected by Cy5 labeling of partially condensed chromatin that is not shown in this image.
Two of the 16 foci are superimposed in the projection such that 15 foci are visible. Foci of gTub23C appear yellow in this panel due to
overlapping staining of (green) microtubules and (red) gTub23C. (B) Confocal section of germarium, regions 1, 2a, and 2b indicated, and
two distal egg chambers. gTub23C is detected at (arrows) centrosomes and the cytoplasm of stem cells and mitotically active germ cells
in region 1. gTub23C is detected at centrosomes and in the cytoplasm of (f) follicle cells that invaginate and surround 16 germ cell clusters
in region 2b of germarium. (C) Stage 9 egg chamber showing border between the (n) nurse cells and (o) oocyte, which is now surrounded
by follicle cells. gTub23C staining was detected in (f) follicle cells. Given that the speckled dots of staining in nurse cells and in the
oocyte observed in the red channel were uniformly distributed over the area of the nucleus in this optical section, where g-tubulin is
never found, they were considered background staining that was enhanced during image processing. Scale bar, 10 mm.
through the G2/M transition showed corpuscular foci of male germline and undergoes differentiation- as well as cell
cycle-dependent reorganization.gTub23C at the poles of the meiotic spindle (Fig. 6C) and
centriole pairs were no longer detected as orthogonal rods.
Postmeiotic spermatids showed gTub23C as a single rod at
Reorganization of gTub23C at the G2/Mthe juncture between nucleus and the newly formed mito-
Transition of Male Meiosis Requires Germline-chondrial derivative that probably represents the basal body
Speci®c CDC25 Activity Encoded by twine(data not shown). In more mature spermatids that had initi-
ated axoneme elongation, gTub23C was detected in circular The apparent reorganization of gTub23C at centrioles in
rings at the juncture of the nucleus and the elongating ¯a- male germ cells raised the question of whether its reorgani-
gellum. The collar-like structure is reminiscent of descrip- zation is under cell cycle control. To address this question,
tions of the centriolar adjunct detected by ultrastructural testes of CDC25-de®cient twine mutants were examined
analysis as a band of phase-dense ®brous material that sur- by immuno¯uorescence with peptide antibodies against
rounds a portion of the cylindrical basal body (reviewed in gTub23C. The observed organization of gTub23C during
Fuller, 1993). Thus, the collar of gTub23C may represent premeiotic growth of spermatocytes in twine mutants was
the centriolar adjunct. gTub23C was not detected in bun- indistinguishable from wild-type, in that antibodies against
dles of mature sperm, suggesting that gTub23C was largely gTub23C showed two centriole pairs, typically lying close
stripped during sperm maturation. These observations indi- together at the cell surface. However, neither meiotic spin-
dles nor corpuscular foci of gTub23C were observed incate that gTub23C, but not gTub37CD, is expressed in the
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FIG. 5. Immunolocalization of gTub37CD in ovaries. (A) Potion of an ovariole and (B,C,D) individual egg chambers stained with antibodies
against (A,B,C,D) gTub37CD (red), (A,B) a-tubulin (green), and (A,B,C,D) chromatin (blue). (A) Confocal section of germarium and three distal
egg chambers showing gTub37CD staining in egg chambers that had budded off the germarium. Pine cone-shaped germarium was isolated from
the distal parts of the ovariole with the lasso tool in Photoshop and separated for presentation. Regions 1 and 2 of the germarium are indicated,
but their boundaries could not be assigned. (B) Wide-®eld image of stage 9 egg chamber showing brighter staining of gTub37CD in (n) nurse
cells than in the (o) oocyte. (C) Confocal section of junction between (n) nurse cells and (o) the oocyte in a stage 9 egg chamber showing
gTub37CD staining in both nurse cells and the oocyte. (D) Confocal section of a stage 7/8 egg chamber showing posterior pole of (o) oocyte
that is surrounded by follicle cells. Arrows indicates positions of (C) anterior lateral border and (D) posterior pole of oocyte. Scale bar, 10 mm.
spermatocytes in more than 50 twine testes examined. (Fig. 7). Moreover, these centriole pairs were associated with
aster-like arrays of long microtubules. These observationsWhile we did not observe bipolar spindles in twine mutant
testis, virtually all testis examined showed at least one cyst suggest that twine function is required for gTub23C reorga-
nization at centriole pairs, but not for organization of micro-in which centriole pairs had separated to opposing positions
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8545 / 6x21$$$143 03-27-97 01:28:59 dbas
215g-Tubulin Utilization in Drosophila Gametogenesis
FIG. 6. Immunolocalization of gTub23C during spermatogenesis. Germ cells showing staining of (A,B,C,D) gTub23C (red), (A,B,C) a-
tubulin (green), and (A,B,C,D) chromatin (blue). (A) Wide-®eld image of a partial cyst of gonial cells in mitosis showing gTub23C at poles
of spindles. (B) Confocal section of mature primary spermatocyte showing sparse foci of microtubules surrounding centriole pairs. Inset
shows the same centriole pair enlarged and presented in the same image. (C) Wide-®eld image of meiosis I spindle with corpuscular foci
of gTub23C at spindle poles. (D) Wide-®eld image of spermatid nuclei showing collar of gTub23C at the juncture of the sperm nuclei
and the ¯agellar tails (not visible in this image). Flattened appearance of nuclei re¯ects nuclear shaping and chromatin condensation that
has been initiated, but not completed in these postmeiotic spermatids. Scale bar, 2 mm.
tubules into aster-like arrays, or separation of centriole suggest a role for twine in reorganization and/or recruit-
ment of gTub23C to centrioles at the G2/M transition.pairs. In some cysts of apparently M-phase spermatocytes
in twine mutants, antibodies against gTub23C appeared to Similar to early postmeiotic spermatids in wild-type ani-
mals, germ cells in twine males show aggregation of mito-localize to elongated masses of material (Figs. 7A and 7B)
that may represent aggregation of gTub23C in the cyto- chondria and some cellular elongation indicative of ¯agellar
elongation (Alphey et al., 1992; Courtot et al., 1992; White-plasm rather than association with centriole pairs. How-
ever, given that we sometimes observed staining of the mi- Cooper et al., 1993). While spermatids in wild-type animals
showed agTub23C associated with a single basal body asso-tochondrial derivative in wild-type animals with these anti-
bodies (Methods), the masses may be cross-reactive staining ciated with the nuclear envelope, spermatids in twine mu-
tants showed two centriole pairs, each detached from theof material that aggregates abnormally in the absence of
a bipolar meiotic spindle. Nonetheless, these observations nuclear envelope (Fig. 8). More developmentally advanced
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FIG. 7. Immunolocalization of gTub23C during the G2/M transition in twine mutants. (A,B) Germ cells showing staining of (red)
gTub23C, (green) a-tubulin, and (blue) chromatin. (A) Confocal image of a cyst of germ cells in the G2/M transition. Centriole pairs are
located at the focus of the aster-like array of microtubules and well separated. Chromatin in the somatically derived cyst cell in A is
indicated by arrow at blue mass. An example of staining of cytoplasmic masses by gTub23C antibodies is indicated by arrow to red mass.
(B) An enlarged image of one of the germ cells showing long aster-like arrays of microtubules (arrows) organized about the centriole pairs.
Scale bar, 2 mm.
spermatids stained with gTub23C antibodies showed four nuclei near the plasma membrane at 90 min of develop-
ment. The blastoderm embryos becomes cellularized be-presumptive centriolar adjuncts, as either individuals or
pairs, detached from spermatid nuclei (data not shown). The tween completion of mitotic cycle 13 and initiation of the
®rst of three postblastoderm mitoses 14, 15, and 16 thatpresence of four centrioles in twine germ cells probably
re¯ects failure to undergo meiosis I and meiosis II. Also occur between 4 and 7 hr of development. While mitosis
is nearly synchronous in syncytial embryos, the postblasto-similar to wild-type animals, centriolar adjuncts stained
with antibodies against gTub23C were not observed in bun- derm mitotic cycles 14, 15, and 16 are asynchronous; groups
of cells forming a mitotic domain enter mitosis at the samedles of twine sperm. These observations suggest that twine
function is not required for postmeiotic assembly of time, but different domains enter mitosis at different times
(Foe and Alberts, 1983).gTub23C into the centriolar adjunct state of organization
or loss of gTub23C from mature sperm. During the early cleavage divisions of the syncytial em-
bryo, bright foci of gTub37CD were detected throughout
the cell cycle, including both mitosis (Fig. 9A) and in-
gTub23C and gTub37CD Localize to Centrosomes terphase (data not shown). In addition to corpuscular foci
in Cellularized Blastoderm Embryos at spindle poles, the cytoplasm also showed bright diffuse
as well as punctate staining. Since punctate staining wasTo evaluate localization of gTub23C and gTub37CD fol-
lowing reconstitution of the canonical centrosome at fertil- not associated with organized arrays of microtubules, these
punctate masses may represent inactive aggregates ofization, we examined early embryogenesis. Approximately
the ®rst 1.5 hr of development in Drosophila proceeds in a gTub37CD or other cross-reactive material. In contrast to
gTub37CD, gTub23C was not detected as well organizedsyncytium; following fusion of the male and female pronu-
clei, mitosis and karyokinesis of zygotic nuclei occurs in foci at centrosomes in precellular embryos (Fig. 9B). How-
ever, punctate staining was observed in the cytoplasm andcytoplasmic domains (Campos-Ortega and Hartenstein,
1985). Nuclei move progressively from the center of the sometimes associated with astral microtubules. In addition,
faint staining of spindle microtubules was sometimes ob-embryo toward the surface, forming a monolayer of 5000
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FIG. 8. Immunolocalization of gTub23C in twine mutant spermatids. (A,B) Germ cells showing staining of gTub23C (red), a-tubulin
(green), and chromatin (blue). (A) Wide-®eld image of a cyst of germ cells that have initiated differentiation. (B) An enlarged image of one
of the germ cells. Centriole pairs (arrow) are detached from the nuclear envelope. DNA of aggregated (m) mitochondria in the cytoplasm
is detected as faint blue signal. Nuclei show chromatin partially condensed along nuclear membrane that is similar to a stage of postmeiotic
spermatid differentiation in wild-type animals. Scale bar, 2 mm.
served. Taken together, these observations suggest that newly identi®ed gTub37CD is highly expressed in the
female germline and stored in the unfertilized egg. In ad-gTub37CD is utilized at centrosomes during cleavage of
the embryo. dition to expression in the soma (Sunkel et al., 1995),
gTub23C is expressed in the male germline where it isIn cellularized embryos (Fig. 9C), bright foci of
gTub37CD were associated with robust asters of microtu- utilized during meiosis, but apparently stripped from the
cytoplasmic face of basal bodies prior to completion ofbules in prophase cells and at the spindle poles throughout
mitosis. In addition, gTub37CD was detected in interphase spermatid differentiation. Thus, reconstitution of a func-
tional centrosome at fertilization involves recruitment ofcells as small dots of staining associated with a sparse clus-
ter of microtubules. Prophase cells were distinguished from gTub37CD and other pericentriolar components from the
cytoplasm of the oocyte to the centriole provided by theinterphase cells by the presence of partially condensed chro-
matin and robust asters of microtubules. Localization of sperm.
gTub23C in cellularized embryos was similar to localiza-
tion of gTub37CD; an example of a cell in prophase is pre-
Reciprocal Expression of gTub23C and gTub37CDsented in Fig. 9D. Taken together with immunolocalization
during Oogenesisof gTub37CD to all centrosomes in early cellularized em-
bryos, these observations indicate that gTub23C and During generation of a mature oocyte, both gTub23C and
gTub37CD can colocalize to centrosomes when they are gTub37CD are expressed. Centrosomes in the proliferative
expressed in the same cell. divisions of female germ cells showed utilization of only
gTub23C. Subsequent to proliferation, however, gTub23C
was below the level of detection in germ cells by immuno-DISCUSSION
¯uorescence. In contrast to gTub23C, gTub37CD expres-
sion was not detected in proliferating germ cells, but ap-Syngamy at fertilization in Drosophila is facilitated by
differential expression of two g-tubulin isoforms. The peared to accumulate during egg chamber development. Ex-
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FIG. 9. Immunolocalization of gTub23C and gTub37CD during embryogenesis. Embryos showing staining of (red) gTub37CD (A,C) or
gTub23C (B,D), (green) a-tubulin, and (blue) chromatin (C,D). (A) Confocal section of precellular embryo in mitotic cycle 10 ±12 stained
with antibodies against gTub37CD. (B) Confocal section of embryo in mitotic cycle 10±12 stained with antibodies against (red) gTub23C.
(C) Wide-®eld image of cellularized blastoderm embryo showing foci of gTub37CD at centrosomes in (M) mitotic and (I) interphase cells.
(D) Confocal section of cellularized blastoderm embryo showing focus of gTub23C at two separated centrosomes in prophase cell. Scale
bars, 2 mm. Magni®cation is identical in C and D.
pression of both gTub23C and gTub37CD in the female cycle- and differentiation-dependent reorganization. Mi-
totic and interphase gonial cells show the classic corpuscu-germline suggests that regulation of their expression in fe-
males is imposed by the developmental program of oogen- lar appearance of centrosomes in somatic cells in Drosoph-
ila during mitosis, i.e., rounded or slightly asymmetricesis rather than sex- or germline-speci®c expression.
Acentriolar microtubule organizing centers in postmi- masses containing g-tubulin (Wilson et al., 1997). However,
premeiotic spermatocytes show gTub23C associated withtotic germ cells have been postulated to play a role in deter-
mination of the oocyte and localization of axis-specifying centriolar cylinders such that they are detected as rods asso-
ciated with a sparse collection of microtubules (Wilson etdeterminants in the oocyte (reviewed in Theurkauf, 1994,
but see Li et al., 1994, as well). Located in region 2 of the al., 1997). During the transition into the ®rst meiotic divi-
sion, gTub23C was detected as corpuscular foci, but associ-germarium, a dominant microtubule organizing center lo-
cated at one of the four ring canals in the future oocyte has ated with robust asters of microtubules. At the exit from
meiosis II, gTub23C returned to its premeiotic state of orga-been proposed to provide a polarized array of microtubules
that directs transport determinants into the future oocyte nization at centrioles/basal bodies and asters of microtu-
bules were no longer detected. Thus, entry and exit from(Theurkauf, 1994). In addition, acentriolar microtubule or-
ganizing centers located at the anterior (Theurkauf et al., M-phase was correlated with reorganization of gTub23C.
g-Tubulin distribution and function has been studied pri-1992, 1993) and posterior poles of the developing oocyte (Li
marily in mitotic cells and its role in nonproliferating cellset al., 1994) are postulated to be required for localization of
is largely unknown. Postmeiotic spermatids showgTub23Caxis-specifying determinants to each pole. Given that g-
organization in a collar near the juncture between the nu-tubulin has been localized to microtubule organizing cen-
cleus and the ¯agellar axoneme that may correspond to theters in virtually all species examined, it was surprising to
centriolar adjunct. The function of the centriolar adjunct is®nd that neither gTub23C nor gTub37CD was organized
not yet known. The presence of gTub23C suggests that itas foci to either the anterior or posterior poles of the oocyte
could play a role in organizing the microtubules utilizedat any stage of egg chamber development. If g-tubulin is
during postmeiotic spermatid differentiation. However, itlocated at putative acentriolar microtubule organization
is also possible that the collar of gTub23C re¯ects an inac-centers, either at ring canals or at the anterior and posterior
tive state of microtubule organization and its presence atpoles of oocytes, it was below the level of our detection.
the centriolar adjunct re¯ects only its prior presence at cen-
gTub23C Shows Reorganization at Centrioles trioles in meiotic cells. While we did not detect gTub23C
during Spermatogenesis in bundles of mature sperm, the compacted state of the fully
differentiated sperm could preclude entry of antibodies. AsDuring generation of a mature sperm, only gTub23C ap-
pears to be expressed. Interestingly, gTub23C shows cell g-tubulin has been found in the core of mammalian centri-
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oles (Fuller et al., 1995), gTub23C may be located in the tion of the two g-tubulin isoforms indicates that the struc-
tural features of g-tubulins that are essential for localiza-core of basal bodies in Drosophila, but stripped from the
cytoplasmic face during spermatid differentiation. tion to centrosomes are present in both gTub23C and
gTub37CD. While the two g-tubulin isoforms may not beThe CDC25 phosphatase activity encoded by twine is
required for assembly of the meiotic spindle in males (Al- identical or even fully equivalent, the simplest explanation
of inferred colocalization of gTub23C and gTub37CD isphey et al., 1992; Courtot et al., 1992; White-Cooper et al.,
1993). Since corpuscular foci of gTub23C were not detected that these isoforms are functionally redundant. Nonethe-
less, the specialized pattern of gTub37CD expression in thein spermatocytes of twine mutant males, the phosphatase
activity of twine is required, directly or indirectly, for orga- female germline raises the question of whether a unique
structural feature of gTub37CD facilitates mitosis duringnization of gTub23C into the meiotic state. However, simi-
lar to formation of asters in embryos derived from twine early cleavage divisions of the embryo when centrosomes
must duplicate every 9±20 min (Campos-Ortega, 1985).mutant females (White-Cooper et al., 1995), spermatocytes
that had apparently passed the G2/M transition in twine gTub37CD may prove to have unique structural features
that facilitate rapid centrosome assembly. However, the ra-mutant males also showed asters of long microtubules that
had separated away from one another. Given that well-sepa- pidity of centrosome assembly during early embryogenesis
may be actually ensured by high levels of expression ofrated aster-like arrays of microtubules were detected in
twine spermatocytes and many microtubules were in an gTub37CD during oogenesis rather than divergence in g-
tubulin structure.antiparallel orientation, failure to assemble a meiotic spin-
dle in twine mutant males cannot be attributed to a failure Differential expression of two g-tubulin genes in Dro-
sophila is reminiscent of differential expression of otherto organize gTub23C into the corpuscular state. Thus, the
defect in twine males that blocks assembly of a meiotic members of the tubulin superfamily. With the notable ex-
ception of the single b-tubulin gene in S. cerevisiae, a- andspindle is not yet clear.
b-tubulins are encoded by small gene families in all organ-
isms examined (reviewed in Sullivan, 1988). Differential
Implications for Colocalization of gTub23C expression of gTub23C and gTub37CD in Drosophila raises
and gTub37CD to Centrosomes the possibility that g-tubulins, like other members of the
in Cellularized Embryos tubulin superfamily, exist in small gene families in which
expression of individual members is under developmentalAs a result of differential expression during gametogene-
sis, reconstitution of a canonical centrosome at fertilization control. Functional studies are required to determine
whether the two Drosophila g-tubulins have specializedappears to involve recruitment of gTub37CD to the sperm
centriole. Consistent with the apparent absence of roles or are functionally redundant.
gTub23C in germ cells of developing egg chambers, well-
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